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a b s t r a c t 
Optically pumped magnetometers (OPMs) have been adopted for the measurement of brain activity. Without 
the need to be cooled to cryogenic temperatures, an array of these sensors can be placed more flexibly, which 
allows for the recording of neuronal structures other than neocortex. Here we use eight OPM sensors to record 
human retinal activity following flash stimulation. We compare this magnetoretinographic (MRG) activity to the 
simultaneously recorded electroretinogram of the eight participants. The MRG shows the familiar flash-evoked 
potentials (a-wave and b-wave) and shares a highly significant amount of information with the electroretinogram 
(both in a simultaneous and separate measurement). We conclude that OPM sensors have the potential to become 
a contactless alternative to fiber electrodes for the measurement of retinal activity. Such a contactless solution 
can benefit both clinical and neuroscientific settings. 
1. Introduction 
Optically pumped magnetometers (OPMs) have attracted increas- 
ing attention in neuroscientific research over the last few years (e.g., 
Alem et al., 2014; Boto et al., 2018; 2017; Hill et al., 2019; Iivanainen 
et al., 2020; Roberts et al., 2019; Zetter et al., 2018 ). Without the need 
to be cooled to cryogenic temperatures like superconducting quantum 
interference device (SQUID) magnetometers, OPMs require relatively 
minimal insulation and do not need to be mounted at fixed locations 
within a dewar like traditional MEG. The sensors can rather be placed 
individually and close to the scalp, which has yielded better signal- 
to-noise ratio (SNR) for measurements of brain activity in simulations 
( Boto et al., 2016; Iivanainen et al., 2017 ) and real recordings ( Boto 
et al., 2018; 2017; Hill et al., 2020; Iivanainen et al., 2020 ). The in- 
dividual placement possibilities of the OPM sensors has also inspired 
novel placements, e.g. in the mouth for recordings of hippocampal ac- 
tivity ( Tierney et al., 2021 ). 
In this study, we exploit these new possibilities for the measurement 
of retinal activity. Electrophysiological recordings of the retina are used 
in research (e.g., Bach et al., 2018; Heinrich and Bach, 2004; 2002 ) and 
clinical settings ( Marmor et al., 1989; 2009; McCulloch et al., 2015 ) and 
are performed with either a contact lens electrode or a fiber electrode. 
The electroretinogram (ERG) reflects the summed activity of different 
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cell populations in the retina and features slow evoked potentials as well 
as high-frequency oscillatory activity ( Frishman, 2013 ). A light flash 
typically stimulates a negative potential around 25ms after flash onset, 
the a-wave , arising from photoreceptor activity ( Frishman, 2013; Perl- 
man, 2001 ). Following the a-wave, a positive wave around 80ms, the 
b-wave , is attributed to the activity of ON bipolar cells ( Frishman, 2013; 
Sieving et al., 1994; Vukmanic et al., 2014 ). Concurrent with the a-wave 
is a high-frequency oscillatory burst (centered around 120Hz), the oscil- 
latory potential ( Fröhlich, 1914; Munk and Neuenschwander, 2000 ). The 
origin of the oscillatory potential is attributed to diverse cell populations 
( Doty and Kimura, 1963; Frishman, 2013; Kenyon et al., 2003 ) and it 
is transmitted to visual cortex ( Lopez and Sannita, 1997; Neuenschwan- 
der et al., 2002; Todorov et al., 2016; Westner and Dalal, 2019 , but see 
Doty and Kimura, 1963; Heinrich and Bach, 2004; Molotchnikoff et al., 
1975 ). 
The measurement of retinal activity is typically done with electrodes, 
however, the corresponding magnetic activity can be recorded instead, 
as pioneered by Aittoniemi et al. (1979) and Katila et al. (1981) using 
a SQUID sensor. It has also been reported that the frontal and temporal 
sensors of whole-head SQUID MEG systems can pick up retinal activity 
( Shigihara et al., 2016 ). The magnetoretinogram (MRG) does not require 
any direct contact of the magnetometer with the eye of the participant. 
OPMs give an exciting new opportunity to place several sensors around 
the eye of the participant, and closer to the eye than with SQUID sensors. 
https://doi.org/10.1016/j.neuroimage.2021.118528 . 
Received 20 May 2021; Received in revised form 20 August 2021; Accepted 27 August 2021 
Available online 28 August 2021. 
1053-8119/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
B.U. Westner, J.I. Lubell, M. Jensen et al. NeuroImage 243 (2021) 118528 
Fig. 1. Measurement setup. Experimental setup inside the magnetically 
shielded room (MSR). The SQUID-MEG system (not shown) is located to the 
left in this schematic. The figure includes the coordinate systems of the OPM 
sensors and the room. 
OPMs increase both comfort compared to ERG recordings and coverage 
compared to the early attempt at MRG recordings. 
In this paper, we will show that OPM-MRG measurements of retinal 
activity are feasible and yield similar results to ERG measurements with 
fiber electrodes. 
2. Methods 
2.1. Participants and measurement setup 
Nine participants took part in this study, however, the data from 
one participant had to be excluded due to an overly noisy electroretino- 
gram (ERG) measurement, where ∼50% of the trials were contaminated 
by blinks. Thus, we present the data of 8 participants (2 female; mean 
age 36.0 years, SD 3.97). All participants had normal or correctable- 
to-normal eyesight but did not wear glasses or contact lenses for the 
experiment, since the stimuli were full-field light flashes that contained 
no details. All participants gave written informed consent and the study 
was approved by the Videnskabsetiske Komitéer for Region Midtjylland, 
Komitée II (Ethical Committees of Central Denmark Region, Committee 
II). 
We used 8 OPM sensors (FieldLine Inc., Boulder, Colorado, USA; di- 
mensions of one sensor: 1 . 3 × 1 . 5 × 3 cm), which were spaced out as a 
4 × 4 array in a 3D-printed holder ( 7 . 8 × 9 . 4 cm). Those sensors (genera- 
tion 1) have a reported bandwidth of 0–150 Hz and a nominal sensitivity 
of 10–15 fT/ 
√
𝐻𝑧 at 20–50 Hz. The measurements were done inside a 
3-layer magnetically shielded room (Vacuumschmelze GmbH & Co. KG, 
Hanau, Germany). The participants were in a supine position and the 
OPM holder was mounted on a flexible arm to allow for a placement 
of the sensors close to the participants’ left eye (cf. Fig. 1 ). The holder 
did not have any physical contact with the participant in order to not 
introduce movement artifacts. The positioning of the holder lateral to 
the participant’s eye was guided by Katila et al. (1981) and the sensor 
grid was centered relative to the mid-line of the eye. 
The ERG was recorded from the left eye of the participants using 
Dawson-Trick-Litzkow (DTL) fiber electrodes ( Dawson et al. (1979) ; Di- 
agnosys Vision Ltd., Dublin, Ireland). While the data from the OPM sen- 
sors was acquired with the FieldLine acquisition system, the ERG activ- 
ity was recorded through the biopotential amplifier of the Elekta Triux 
MEG system (MEGIN Oy, Helsinki, Finland). Both measurements were 
sampled at 1000 Hz. A photodiode was mounted to the screen for stim- 
ulus onset definition and the data stream was recorded with both the 
OPM and MEG system for offline synchronization of the recordings. 
To actively cancel the magnetic gradients produced by the magnetic 
parts of the Elekta MEG system’s helium recycler situated in the shielded 
room, we used a Helmholtz coil around the magnetic parts of the MEG 
dewar. The gradients at the location of the measurement were nulled 
before the measurement started, using a fluxgate as feedback for manual 
adjustments of the currents sent to the Helmholtz coil. In an empty room, 
the field measurements at the spot of the recording, measured with a 
fluxgate, were 19.25 nT for the 𝑥 axis, 1.3 nT for the 𝑦 axis, and 26 nT for 
the 𝑧 axis (this coordinate system corresponds to the coordinate system 
of the room, Fig. 1 , bottom). After nulling, the fields were improved to 
2.0 nT for the 𝑥 axis, 1.0 nT for the 𝑦 axis, and 3.25 nT for the 𝑧 axis. 
Immediately before the start of the recording, the OPM sensors mea- 
sured the fields in all three dimensions. Averaged across participants, 
the measured values had a range of 21.46 nT ( − 15.55–5.91 nT) in the 𝑥 
direction, a range of 1.97 nT ( − 13.40 to − 11.43 nT) in the 𝑦 direction, 
and finally a range of 4.72 nT ( − 2.56–2.17 nT) in the 𝑧 direction across 
all 8 sensors. Note that these values correspond to the coordinate system 
of the sensors ( Figure 1 , top). 
2.2. Stimuli 
For visual stimulation, we presented brief flash stimuli to the partici- 
pants. The flashes had a duration of 694 𝜇s and a random inter-stimulus 
interval between 1000 and 1100 ms. The stimuli were projected onto a 
screen in front of the participant with a PROPixx projector (VPixx Tech- 
nologies, Saint-Bruno, Canada) at 1440 Hz refresh rate. The stimuli had 
a brightness of 236cd m − 2 on the screen. The room was dark during the 
presentation of the stimuli, but the participant remained light-adapted 
until the stimulation was started. 
One set of stimuli consisted of 400 trials, and every participant 
viewed two sets. For the first set, the OPM sensors and the DTL fiber 
electrode were used for recording, for the second one, the fiber elec- 
trode was removed from the participant’s eye and only the OPM sensors 
were in place. This was done to have both simultaneously recorded data 
from ERG and MRG channels as well as a recording from the OPM sen- 
sors alone to ensure that any potential retinal activity measured by the 
OPMs was not introduced by the ERG electrode. 
2.3. Data analysis 
All data analysis was done in MATLAB using the open-source data 
analysis toolbox FieldTrip ( Oostenveld et al., 2011 ) and custom scripts. 
All custom code used for data analysis is available at https://github. 
com/britta-wstnr/opm _ mrg . 
Basic processing Epochs were created based on the photodiode sig- 
nal to precisely identify flash onset. Line noise (50 Hz, 100 Hz, 150 Hz) 
was removed using a Discrete Fourier Transform. Artifact rejection was 
done manually and for both data sets separately using FieldTrip’s data 
browser. All trials with blinks, eye movements, muscle twitches or other 
artifacts were removed. For visual artifact inspection only, data was 
high-pass filtered at 2 Hz. For the simultaneous session with both ERG 
and MRG recorded, an average of 330.63 trials (SD 29.30) remained af- 
ter artifact rejection. For the OPM-only data set an average of 380.38 
trials (SD 19.73) remained. 
The data were high-pass filtered at 1 Hz (onepass-zerophase, 
hamming-windowed FIR filter with order 1650) and low-pass filtered 
at 45 Hz (onepass-zerophase, hamming-windowed FIR filter with order 
294). The data were then baseline corrected using the time window of 
-100-0ms before flash-onset as baseline. 
Mutual information To quantify the shared information between the 
ERG and MRG, mutual information was computed within subjects be- 
tween the ERG electrode and an OPM channel. The OPM channel was 
selected per data set and participant by searching for the highest b-wave 
amplitude across channels (search window for maximum: 0–100 ms). 
The selection of one “best ” channel per participant and data set was mo- 
tivated by the fact that the placement of the OPM array could slightly 
vary per recording session and participant. Next, we computed the mu- 
tual information of the MRG channel with the ERG electrode for the time 
window of − 50–150 ms per subject and data set. The computation of the 
mutual information was based on Cohen (2014) . The optimal number 
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Fig. 2. OPM measurements of retinal activity. The figure shows the two measurements of retinal activity using OPM sensors. The traces show the activity recorded 
by the eight OPM sensors, averaged across participants. The colors correspond to the sensors’ positions in the recording grid, depicted by the insert in the figure. A 
depicts the simultaneous measurement, when the ERG electrode was also present. B shows the data from the second measurement from the same participants after 
the ERG electrode was removed. 
of bins for the computation of the mutual information was estimated us- 
ing the Freedman-Diaconis rule. On average, 8.94 bins were estimated 
to represent the data optimally (median 9.0, SD 2.14, range 6–13), thus 
the number of bins was set to 9 for all data sets and participants. The mu- 
tual information is reported in bits. A permutation test was performed 
to determine whether the two time series shared information. To this 
end, one of the two time series was shifted relative to the other by a 
random amount. This procedure was repeated 5000 times to create a 
null distribution, which was then used to estimate the p-values. 
Estimation of signal and noise properties The noise spectrum of the 
data was computed on the continuous data of the simultaneous data set 
before any other processing of the data was done. The power spectral 
density was estimated for a range of 1–200 Hz in 1-Hz steps using the 
Fast Fourier Transform with a Hamming window. The signal-to-noise 
ratio (SNR) was estimated on the epoched data after line noise removal 
and artifact rejection. The SNR estimate was computed using the root- 
mean-square of a baseline ( − 100 to − 30 ms before flash onset) and ac- 
tive period (30–100 ms after flash onset) and then converted to decibels 
as follows: 𝑆𝑁𝑅 𝑑𝐵 = 10 log 10 ( 
𝑅𝑀𝑆 𝑎𝑐𝑡𝑖𝑣𝑒 
𝑅𝑀𝑆 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 
) , with 𝑅𝑀𝑆 denoting the root 
mean square of the corresponding signal. 
3. Results 
We recorded retinal activity with 8 OPM sensors during the presen- 
tation of two sets of short flash stimuli. Fig. 2 shows the recorded activ- 
ity for the OPM sensors, averaged across participants. The figure shows 
the data from both sessions, one with an ERG electrode simultaneously 
measuring retinal activity ( Fig. 2 A) and one with only the OPM sensors 
present ( Fig. 2 B). Both recordings clearly show the a-wave as a negative 
deflection around 25ms and the b-wave as a positive deflection around 
80ms (also compare the ERG activity depicted in Fig. 3 C). The clear 
shape of the a-wave and b-wave in the separate measurement already 
argues against the possibility of the OPM sensors picking up artifactual 
activity from the ERG electrode, but shows that the OPMs directly record 
true retinal activity. 
Fig. 3 A shows the single subject traces from the simultaneous mea- 
surements, averaged across all trials and channels. Also here, the a-wave 
and b-wave can be identified in all participants and gets even more pro- 
nounced when looking at the trial-averages of the best channel (defined 
as the channel with the highest b-wave amplitude) in Fig. 3 B. The ERG 
averages ( Fig. 3 ) show a high resemblance to the single subject averages, 
but also to the data from both the simultaneous and separate measure- 
ment shown in Fig. 2 . 
Fig. 4 A shows the ERG and MRG traces averaged across participants. 
For the MRG analysis, again the OPM sensor with the highest b-wave 
amplitude was chosen per participant and measurement. The solid dark 
blue line corresponds to the MRG data from the simultaneous measure- 
ment, while the dashed dark blue line depicts the data from the sepa- 
rate data set. To quantify the shared information between the ERG and 
MRG, mutual information was computed within subjects between the 
ERG electrode and the OPM sensors with the highest signal-to-noise ra- 
tio. Fig. 4 B shows the mutual information between the ERG and the MRG 
for both data sets in bits. All values are significantly higher than would 
be expected under the null hypothesis when no information is shared, 
which was determined by a permutation test (all p-values ≤ 0 . 0000125 , 
Bonferroni corrected). We also tested whether the mutual information 
of the ERG and MRG is different between the two data sets, using a 
Bayesian paired samples t -test. There is no evidence for the null hypoth- 
esis that both OPM data sets exhibit the same shared information with 
the ERG. Surprisingly, the shared information is higher between the ERG 
and the MRG from the separate measurement (Bayes Factor [BF] 1.711). 
This can be viewed as anecdotal evidence for the alternative hypothesis 
( Jeffreys, 1961; Lee and Wagenmaker, 2014 ), namely, that the shared 
information is not the same for the two data sets. To exclude whether 
this was a mere effect of the higher number of trials in the separate con- 
dition, and thus a higher SNR for the MRG evoked field, we repeated the 
computation of the mutual information by subsampling the MRG data 
for the separate condition to match the number of trials in the simul- 
taneous condition. However, the result does not change (BF 1.755, cf. 
Fig. S1). 
We also computed the mutual information between the ERG and 
each OPM sensor for each participant to determine which OPM sen- 
sor positions measured retinal activity that best matched the ERG trace. 
This was done using the simultaneous data set. Fig. 5 shows the results 
averaged across participants. Darker shades of green depict a higher de- 
gree of mutual information between an OPM sensor in a given position 
and the ERG signal. The circle size shows the precision of this estimate: 
the size is inversely proportional to the standard deviation of the mu- 
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Fig. 3. Single subject traces. Retinal activity from the simultaneous measurement, each traces corresponds to one participant. A Per participant, the average across 
all trials and OPM sensors is shown. B Per participant, the average across all trials of the best OPM sensor is shown. The best sensor was defined individually per 
subject as the sensor with the highest b-wave peak amplitude. C Per participant, the average across trials of the ERG electrode is shown. 
Fig. 4. Similarity between the ERG and MRG measurements. A This figure shows the averages of the ERG and MRG traces across trials and participants. The 
orange line corresponds to the ERG electrode, the blue lines are the averages across the best OPM channel per participant (cf. Fig. 3 B) and measurement (the solid 
line corresponds to the simultaneous measurement with the ERG, and the dashed line depicts the data from the separate OPM measurement). B The bar graph shows 
the mutual information between the best OPM channel and the ERG per participant. The light green bars represent the simultaneous MRG-ERG measurement, and the 
dark green bars the separate, MRG-only measurement. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
tual information across participants. Thus, smaller circles correspond to 
a less certain estimate of the mutual information. The OPM sensors in 
the lower left corner of the array show the highest mutual information 
between the MRG and the ERG, with a small standard deviation across 
participants. This corresponds to the sensors that were placed lateral to 
the nose and cheek of the participants. 
Lastly, we looked at the signal and noise properties of both the MRG 
and ERG signals by computing the noise spectrum as well as SNR. Fig. 6 A 
compares the power spectral densities (PSD) of the ERG (orange, top) 
and MRG (blue, bottom) across the continuous data of the simultane- 
ous measurement. Both measurement techniques show a comparable 
profile of spectral density across the frequency range, with a higher sen- 
sitivity of the OPMs to line noise. The OPM sensors show a PSD of 3- 
100fT/ 
√
𝐻𝑧 below 20 Hz, where we expect most of our biological signal 
to be present. Above 50 Hz, the PSD decays to below 3fT/ 
√
𝐻𝑧 . Fig. 6 B 
depicts the signal to noise ratio (SNR) of the single trials. While the ERG 
has an SNR that is higher than 0dB in all participants, the SNR of the 
OPMs is consistently below 0dB for all participants and sensors. 
ERG data measured with DTL fiber electrodes are often highly con- 
taminated by blinks, since the electrode lies on the lower eye lid and 
easily gets moved during blinks or eye movements. This causes a higher 
number of trials having to be excluded from data analysis. This is much 
less the case with the MRG: since the OPM sensors are not in physical 
contact with the participant, the susceptibility to blink activity is com- 
parable to that of SQUID MEG sensors. While generally of lower SNR, we 
found the OPM data to be less affected by artifacts: while we excluded 
on average 64.13 trials (SD 31.60) in the simultaneous measurement 
based on the ERG alone (after also looking at the MRG data in a sec- 
ond step, on average 5.25 additional trials [SD 10.19] were excluded), 
we excluded only 19.63 trials (SD 19.73) from the separate OPM mea- 
surement. A one-sided Bayesian paired samples t -test yields evidence 
for a difference between the number of trials rejected for the MRG and 
ERG data (BF 7.42), with more trials being rejected in the ERG data set 
(excluding the additionally rejected trials from the simultaneous OPM 
measurement). 
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Fig. 5. Sensitivity of the OPM array. Shown is the mutual information per 
channel with the ERG activity of the simultaneous measurement, averaged 
across subjects. The color corresponds to the mutual information, the size of 
the circle is inversely proportional to the standard deviation across participants 
(such that smaller circles correspond to a less certain estimate of the mutual 
information). 
4. Discussion 
In this paper, we measured retinal activity with OPM sensors for 
the first time. We show that the recorded MRG activity exhibits both 
the a-wave and b-wave ( Fig. 3 ), which are the typical retinal potentials 
following visual flash stimulation. We also demonstrate that the MRG 
activity closely matches the retinal activity as recorded with ERG fiber 
electrodes in the same participants ( Fig. 4 ). Furthermore, we describe 
the distribution of the magnetic field of retinal activity over our record- 
ing array ( Fig. 5 ) and defined the signal and noise characteristics of the 
ERG and MRG data ( Fig. 6 ). 
Several recent papers show OPM sensors successfully recording corti- 
cal and subcortical brain activity (e.g. Boto et al., 2018 ; Iivanainen et al., 
2020 ; Zhang et al., 2020) and point to the potential of whole-head OPM 
systems ( Boto et al., 2016; Hill et al., 2020 ). In this paper, we show that 
with OPMs, we are not restricted to (sub-)cortical brain activity, but can 
also easily record the magnetic activity of the retina. Our OPM record- 
ings share a highly significant amount of information with the ERG 
recording and both the a-wave and the b-wave are clearly visible in the 
evoked activity. Compared to the seminal paper by Katila et al. (1981) , 
who reported an a-wave to b-wave amplitude of approximately 0.1pT, 
our measurements show an increase of roughly 6-fold (cf. Fig. 4 A and 
Fig. 14 in Katila et al., 1981 ). 
Surprisingly, the shared information between the MRG and ERG was 
slightly higher for the MRG data from the separate recording compared 
to the MRG from the simultaneous recording. This effect was not driven 
by the difference in the amount of trials that was removed due to ar- 
tifacts, which was higher in the simultaneous recording. Possibly, this 
result can be explained by an on average slightly more favourable po- 
sition of the OPM sensors for recording retinal activity in the separate 
recording or by a slightly poorer SNR in the simultaneous recording 
through artifacts induced by tiny motions of the ERG cable. Also note, 
that the Bayes Factor of this result is not very high, and is only clas- 
sified as “anecdotal evidence ” ( Jeffreys, 1961; Lee and Wagenmaker, 
2014 ). Ultimately, we can still conclude that the retinal activity in the 
OPM sensors is not simply induced by the ERG electrode, but genuine 
recorded activity. 
In our experiment, the OPMs were evenly spaced out in a plastic 
holder that was brought lateral to the eye of the participant. The sen- 
sitivity of the grid to the retinal activity (as compared to the activity 
measured with the ERG electrode) was highest towards the nose and 
cheek of the participants. This matches the early report of MRG record- 
ings by Katila and colleagues (1981) , who also found the area below the 
eye to be the most sensitive to retinal activity in their recordings with a 
SQUID magnetometer (cf. Fig. 15 in their paper). 
We placed the grid with the sensors in reference to the participants’ 
eyes, thus, the exact placement naturally may have varied across partic- 
Fig. 6. Signal and noise properties. The figure compares the signal and noise properties of the MRG and ERG recordings. A Shown is the power spectrum density 
of the ERG (orange, top) and the OPM-MRG (blue, bottom). The traces correspond to single subjects and the data originate from the simultaneous recording. B 
Signal-to-noise ratio of the ERG (orange) and MRG recording (blue/green). For the MRG recording, the colors correspond to the sensors’ positions in the grid (see 
insert). The data from the simultaneous recording are averaged across participants. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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ipants. With more exact placement, a holder for the OPMs that follows 
the anatomy more closely, and co-registration of the OPMs to facial land- 
marks, the signals should be even more comparable across participants. 
Then, it would even be possible to look at the topographical distribu- 
tion of the signal, e.g. in combination with multifocal ERG stimulation 
( Derafshi et al., 2017 ). 
The SNR of the OPM sensors in single trials was considerably lower 
than the SNR of the ERG ( Fig. 6 B), for the OPMs, the power of the noise 
was even higher than the power of the signal (values below 0dB). How- 
ever, the retinal evoked activity was still clearly visible and similar to 
the ERG evoked potentials when averaged across trials, as discussed 
above. This low single-trial SNR is presumably a consequence of the 
background fields in the magnetically shielded room. While the OPM 
measurements have an overall lower SNR, they show fewer artifacts. 
We report a significant difference between the MRG and the ERG record- 
ings for the number of trials that had to be rejected due to eye blinks 
or other artifacts. The ERG electrode has direct contact to the lower eye 
lid, and thus gets inevitably moved during blinks or eye movements, 
causing large artifacts or even signal saturation. Since the OPM array 
did not have any physical contact with the participant, blinks or eye 
movements do not cause the same disturbances in the signal. This is a 
clear advantage of the OPM-MRG over the fiber electrode ERG. 
The SNR of the OPM-MRG measurements could be improved by fur- 
ther decreasing the noise in the shielded room, the background fields in 
our experiment were in the range of up to 3.25nT after nulling, based 
on an empty room recording. A placement of the OPM sensors around 
the eye that is better adjusted to the head’s shape could further increase 
SNR. Moreover, new developments in adaptive noise canceling ( Boto 
et al., 2018; Iivanainen et al., 2019 ), one-person shielding solutions 
( Borna et al., 2020 ) or new sensor types ( Zhang et al., 2020 ) will make 
it easier to record neural magnetic fields with OPM technology and will 
also make restrictions of the present study (like the requirement to keep 
still during the recording) obsolete ( Boto et al., 2018; Roberts et al., 
2019 ). 
The retinal activity following flash onset also comprises a high fre- 
quency response, the oscillatory potential. Although not visible in our 
data set, we are optimistic about being able to record this fast oscillation 
with OPMs, especially in a less noisy environment. OPMs have recently 
been shown to capture visual gamma activity from occipital cortex up to 
70 Hz ( Iivanainen et al., 2019 ). While OPM sensors for MEG applications 
are limited in their bandwidth, often to 0-200 Hz ( Knappe et al., 2019 ), 
in a less noisy environment it should still be possible to record the os- 
cillatory potential, which is centered around 120 Hz ( Frishman, 2013 ). 
DTL fiber electrodes are often indicated for clinical examinations 
in children and sensitive adults, and have been shown to have com- 
parable signal quality to Burian-Allen contact lens electrodes ( Dawson 
et al., 1979; Kuze and Uji, 2000 ). However, even DTL electrodes re- 
quire contact with the sclera, which some patients and healthy partic- 
ipants may still find disagreeable ( García-García et al., 2016; Yin and 
Pardue, 2004 ). With further refinement of cost-effective shielding so- 
lutions ( Borna et al., 2020; Boto et al., 2018; Iivanainen et al., 2019 ), 
OPMs will likely become more economically feasible in clinical settings 
as well. OPM sensors therefore have the potential to become a contact- 
less alternative to ERG electrodes. The ease of obtaining multichannel 
coverage around the eye could also add further precision to the multifo- 
cal retinogram by enabling retinal source localization, which could also 
increase SNR further. 
Furthermore, a contactless solution for the measurement of retinal 
activity will benefit neuroscientific research on the human visual sys- 
tem. Looking ahead towards whole-head OPM systems, it would then 
be trivial to add some OPM channels near the eyes to capture retinal ac- 
tivity. For eyesight correction, MEG-compatible vision correction could 
be used just as with cryogenic MEG. This would allow the retina to be 
easily and comfortably examined along with the cortex in studies of vi- 
sual processing to study the visual pathway from an electrophysiologi- 
cal perspective ( Westner and Dalal, 2019 ), e.g. using clinical approaches 
such as multifocal or pattern ERG ( McCulloch et al., 2015 ) or naturalis- 
tic stimuli. Taken together, OPM-MRG offers exciting new possibilities 
in vision research, visual neuroscience, and potentially also clinical ap- 
plications. 
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